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METHOD AND APPARATUS FOR
CONTROLLING A CIRCUIT WITH A HIGH
VOLTAGE SENSE DEVICE

REFERENCE TO PRIOR APPLICATTON

This application 1s a continuation of and claims priority to

U.S. application Ser. No. 10/888,813, filed Jul. 8, 2004, now
U.S. Pat. No. 7,002,398.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to control ele-
ments used 1n electronic circuits and, more specifically, the
present invention relates to control elements with high
voltage power transistors.

2. Background Information

Two of the primary goals 1n the design of control elements
with mtegrated power transistors are cost and performance.
Cost 1s generally reduced when the number of external
components required in the electronic circuit are reduced,
and when smaller, more eflicient power ftransistors are
employed. Performance may be improved by adopting a
more ellicient power transistor, which increases efliciency,
and by lowering the manufacturing variance, which allows
better control of critical parameters such as the peak current
delivered by the power transistor.

A power supply 1s an example of an electronic circuit that
utilizes a control element with power transistor. The start-up
function of one known power supply 1s performed by a
resistor, which provides high voltage DC from a bridge
rectifier to the control circuit. Unfortunately, the start-up
function resistor 1s expensive, requires a large area in the
power supply and lowers supply efliciency by dissipating
power continuously, even aiter the start-up function 1s
completed. A current limit function of the known power
supply 1s provided by a sense resistor that 1s 1n series with
the source of the power transistor. Drawbacks of this known
approach are the cost, size and power dissipation of the
sense resistor that 1s 1n series with the source of the power
transistor.

In another known power supply, a voltage regulator
internal to the power supply chip 1s used to replace the
start-up function resistor described above. The voltage regu-
lator 1n the power supply chip may be turned off after the
start-up function 1s completed, thus eliminating the extra
power dissipation inherent to the power supply described
above. However, the voltage regulator in the power supply
chip consumes a significant area on power supply chip and
1s also prone to electrical static discharge (ESD) and safe
operating area (SOA) damage.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention detailed illustrated by way of
example and not limitation 1n the accompanying figures.

FIG. 1 1s a block diagram illustrating one embodiment of
a power supply control element coupled to an external
voltage and a power transistor 1 accordance with the
teachings of the present invention.

FIG. 2 1s a schematic diagram of one embodiment of a
power supply including a control circuit having a high
voltage sense device 1n accordance with the teachings of the
present mvention.
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FIG. 3 1s a schematic diagram of another embodiment of
a power supply including a control circuit having a high
voltage sense device 1n accordance with the teachings of the
present 1vention.

FIG. 4 1s a diagram 1illustrating a cross-sectional side view
of one embodiment of a high voltage sense device 1n
accordance with the teachings of the present invention.

FIG. 5 1s a diagram illustrating one embodiment of the
relationship between the output voltage of a high voltage
sense device as a function of the voltage across a power
transistor accordance with the teachings of the present
ivention.

DETAILED DESCRIPTION

A novel circuit utilizing a control circuit with a high
voltage sense element 1s disclosed. In the following descrip-
tion, numerous specific details are set forth 1n order to
provide a thorough understanding of the present invention.
It will be apparent, however, to one having ordinary skill 1n
the art that the specific detail need not be employed to
practice the present invention. In other instances, well-
known maternials or methods have not been described in
detail 1 order to avoid obscuring the present invention.

The following description uses the example of a power
supply to illustrate the benefits of the present invention. It
will be apparent to one skilled 1n the art that the techniques
are not limited to use in power supplies but apply to any
clectronic circuit employing a control element for use 1n
high wvoltage applications of for example 100 volts or
beyond.

In general, a power supply according to embodiments of
the present invention includes a high voltage sense element
that 1s included 1n a substrate with a control circuit. In one
embodiment, the high voltage sense element may be an
oflline transistor with a tap element. An advantage provided
with an oflline transistor with a tap element according to
embodiments of the present invention 1s that the area utilized
for such a tap element 1s less expensive on a control circuit
than on a power transistor. Another advantage 1s simplifi-
cation of the power transistor. A further advantage 1s that the
same power transistor design can be used for hybrid appli-
cations, which include two or more chips packaged together,
and discrete applications, which include a single transistor
package.

To 1llustrate, FIG. 1 1s a block diagram illustrating gen-
erally a power supply control element 115 coupled to an
external voltage V o+—rpr4r and a power transistor 121. As
shown 1n the depicted embodiment, power supply control
clement 115 1includes a semiconductor substrate 117 on
which control circuitry 129 and high voltage sense element
123 are included. In the illustrated embodiment, power
transistor 121 1s coupled to the external voltage V cxrrpnryr
and power transistor 121 1s controlled 1n response to control
circuitry 129. High voltage sense element 123 1s coupled to
sense the external voltage V ,..rnr,; @nd control circuitry
129 1s 1n one embodiment coupled to be responsive to the
voltage sensed by high voltage sense element 123.

FIG. 2 shows generally a schematic diagram of one
embodiment of a power supply 101 including one embodi-
ment of power supply control element 115 according to an
embodiment of the present mvention. As shown, power
supply 101 includes a rectifier 103 coupled to receive and
rectify an alternating current (AC) voltage V , . Capacitor
105 1s coupled across outputs of rectifier 103 to filter the
rectified output of rectifier 103. In one embodiment, an
energy transier element 107 1s coupled to receive the recti-
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fied voltage from rectifier 103 and capacitor 105 with a
primary winding 109. In one embodiment, energy transier
clement 107 also 1ncludes an output winding 111 and a bias
winding 113. Energy 1s transferred across energy transier
clement 107 from primary winding 109 to output winding
111 and bias winding 113 in response to power supply
control element 115.

In operation, a control circuitry 129 on a semiconductor
substrate 117 generates a drive signal to control the switch-
ing of a power transistor 121 to control the transier of energy
from primary winding 109 to output winding 111 and bias
winding 113. In one embodiment, control circuitry 129 may
include pulse width modulation (PWM) circuitry, cycle
skipping circuitry, or other suitable circuitry to control the
switching of power transistor 121 to regulate the transfer of
energy through energy transier element 107 in accordance
with the teachings of the present invention. In one embodi-
ment, feedback information from the output of power supply
101 1s provided with V5, ., which 1s received by control
circuitry 129. In other embodiments, it 1s appreciated that
other known techniques may be used to provide feedback
information to the circuitry on substrate 117 1n accordance
with the teachings of the present invention.

In the embodiment illustrated 1n FIG. 2, 1t 1s noted that
power supply control element 115 i1s shown as a hybnd
package, which includes circuitry disposed on a first sub-
strate 117 packaged together with a power transistor 121
disposed on a separate second substrate 119. In another
embodiment, 1t 1s appreciated for example that power tran-
sistor 121 on second substrate 119 can be packaged sepa-
rately from {first substrate 117 1n accordance with the teach-
ings of the present invention.

In one embodiment, first substrate 117 includes a high
voltage sense device, which in one embodiment i1s a tran-
sistor 123 that includes a first terminal that 1s coupled to
primary winding 109 to receive the same external high
voltage that 1s coupled to power transistor 121. As shown in
the embodiment of FIG. 2, transistor 123 includes a second
terminal that 1s coupled to a drive circuit 150, which 1s
coupled to receive a signal 151 from control circuitry 129.
In one embodiment, drive circuit 150 1s adapted to be
responsive to signal 151 to control the operation of transistor
123. As shown 1n the depicted embodiment, drive circuit 150
1s further coupled to ground 152. For purposes of this
disclosure, ground 1s interpreted to be a reference voltage or
potential against which all other voltages or potentials of the
system are defined or measured. A third terminal of transis-
tor 123 provides a voltage to the other circuitry disposed in
substrate 117. In another embodiment, drive circuit 150 1s
not included in substrate 117 and the second terminal of
transistor 123 1s therefore coupled directly to ground 152 in
that embodiment. In one embodiment, transistor 123 1s a
junction field effect transistor (JFET) having a drain terminal
coupled to primary winding 109, a gate terminal tied to
ground 152 and a source terminal serving as a tap terminal,
which provides voltage to the other circuitry disposed in
substrate 117. In one embodiment, the JFET of transistor 123
1s included 1n a high voltage metal oxide semiconductor field
ellect transistor (IMOSFET).

As will be discussed, the voltage provided at the third
terminal or tap terminal of transistor 123 in one embodiment
1s substantially proportional to the voltage between the first
and second terminals of transistor 123 when the voltage
between the first and second terminals of transistor 123 1s
less than a pinch-ofl voltage of transistor 123. In one
embodiment, the voltage provided at the third terminal of
transistor 123 1s substantially constant and less than the
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voltage between the first and second terminals of transistor
123 when the voltage between the first and second terminals
of transistor 123 1s greater than the pinch-ofl voltage of
transistor 123.

As shown 1n FIG. 2, one embodiment of the circuitry on
substrate 117 includes a transistor 125 and a resistor 127
coupled to receive the voltage from the third terminal of
transistor 123. In one embodiment, current derived through
transistor 125 1s coupled to be recerved by control circuitry
129 to provide power to control circuitry 129 during opera-
tion and/or to charge a capacitor 131 at start-up. For
example, 1n one embodiment, when transistor 125 1s turned
on, current can be drawn from the first terminal of transistor
123 and through the third terminal of transistor 123 to
provide a start-up function for control circuitry 129. Simi-
larly, current can be drawn to provide the current for the
control circuitry 129 operation, such that a separate power
source 1s not needed and bias winding 113 1s eliminated. In
one embodiment, after start-up, capacitor 131 in one
embodiment can also provide power to control circuitry 129
during operation.

In one embodiment, the circuitry on substrate 117 also
includes a resistor 1335 having one end coupled to recerve the
voltage from the third terminal of transistor 123. The other
end of resistor 135 1s coupled to transistor 133, which 1s
coupled to resistor 137, which 1s tied to ground 152. A
comparator 139 has one mput that 1s coupled to the node
between transistor 133 and resistor 137 as shown and
another iput coupled to recerve a reference voltage V, .- as
shown 1n the depicted embodiment. In one embodiment, the
output of comparator 139 1s coupled to control circuitry 129.
In operation, transistor 133, comparator 139 and resistors
135 and 137 provide a current limit function, which 1s
utilized by control circuitry 129 to limit and control the
current through power transistor 121.

In the embodiment shown in FIG. 2, 1t 1s noted that power
transistor 121 1s 1illustrated as an N-channel metal oxide
semiconductor field effect transistor (MOSFET) for expla-
nation purposes. In other embodiments, 1t 1s appreciated that
other types of suitable power transistors may be utilized,
such as for example a bipolar junction transistor (BJT), an
insulated gate field eflect transistor (IGFET), a thyristor
device, etc.

When the power transistor 121 on substrate 119 is in the
on-state, the voltage on the drain of the power transistor 121
1s related to the current through power transistor 121 by the
on-resistance of the power transistor 121. The voltage at the
third terminal of transistor 123 is proportional to the voltage
on the drain of power transistor 121, and thus proportional
to the current through power transistor 121. By sensing the
voltage at the third terminal of transistor 123 and comparing
it to a reference level V,.., a current limit function 1is
realized 1n accordance with the teachings of the present
ivention.

In one embodiment, the circuitry on substrate 117 turther
includes resistors 141 and 143 coupled between the voltage
from the third terminal of transistor 123 and ground 152 to
form a voltage divider network. In one embodiment, the
node between resistors 141 and 143 1s coupled to control
circuitry 129 to provide a line sense function, which 1is
utilized by control circuitry 129 to sense the line voltage at
primary winding 109.

FIG. 3 1s a schematic of another embodiment of a power
supply control element 115 1n accordance with the teachings
of the present invention. As shown 1n the depicted embodi-
ment, the circuitry illustrated in FIG. 3 shares similarities
with the circuitry illustrated 1n FIG. 2. As illustrated 1n the
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embodiment depicted 1n FIG. 3, transistor 123 1s an ofiline
transistor, which includes a JFET 245 and a MOSFET 247.
A first terminal of transistor 123 fabricated together with
other control circuitry on semiconductor substrate 117,
which 1s a separate semiconductor substrate than the semi-
conductor substrate 119 on which power transistor 121 1is
tabricated. The transistor 123 1s coupled to the same external
node from energy transier element 107 as the drain of a
power transistor 121. As 1llustrated and discussed above in
FIG. 2, transistor 123 may be used for several functions,
including, but not limited to, start-up, current limait, and line
sense.

In one embodiment, MOSFET 247 1s coupled to always
remain 1n the ofi-state with the gate, source and body tied
together as shown. Therefore, the source of MOSFET 247 1s
not floating, but instead 1s tied to ground 152 in accordance
with the teachings of the present invention. With the gate,
source and body tied together, the first terminal of transistor
123 may be the drain terminal of MOSFET 247, the second
terminal may be the source terminal of MOSFET 247, and
the third terminal may provide a tap element that 1s formed
by a JFET 245 connection to the drain of MOSFET 247.

As discussed above, 1n one embodiment, the voltage at the
third terminal or tap element of the offline transistor 123 1s
proportional to the voltage at the first terminal of transistor
123 up to a certain pinch-off voltage. When the voltage at the
first terminal of transistor 123 exceeds the pinch-ofl voltage,
the voltage at the tap element remains relatively constant at
a voltage, which can be considerably less than the maximum
voltage that may appear at the first terminal of transistor 123.
Thus, the tap element of transistor 123 protects the other
circuitry on substrate 117 from the high voltages that appear
at the first terminal of transistor 123.

In one embodiment shown, the pinch-ofl voltage of tran-
sistor 123 1s sufliciently low such that medium-voltage
(MV) transistors, such as for example those with breakdown
voltages of less than 100 volts, can be used to couple the tap
terminal element of transistor 123 to other circuit elements
on substrate 117. For example, in the illustrated embodi-
ment, transistors 125, and 133 do not need to be high voltage
transistors and may be MV transistors with breakdown
voltages 1n the order of for example 10 to 100 volts while the
voltages that appear at the first terminal of transistor 123
may be substantially higher. It 1s appreciated of course that
the voltage ranges provided herewith are for explanation
purposes and that MV transistors with other voltage ranges
may be utilized 1n accordance with the teachings of the
present mvention.

In one embodiment, transistor 123 has a higher break-
down voltage than that of power transistor 121 such that any
avalanche condition that occurs 1n the circuit 1s handled by
power transistor 121. In addition, transistor 123 1s inherently
more robust than an ordinary oflline transistor because
transistor 123 includes JFET 245, which does not have a
parasitic NPN transistor normally associated with the
source/body junction of a MOSFET. Moreover, with the
gate, source and body of transistor 123 coupled together and
tied to ground 152, transistor 123 1s always 1n the ofl-state
such that transistor 123 never experiences any switching
transients, which can degrade the ruggedness of a transistor.

FI1G. 4 1s a diagram 1llustrating a cross-sectional side view
of one embodiment of a ligh voltage sense device 1n
accordance with the teachings of the present mvention. In
particular, FIG. 4 shows cross section of a high-voltage
JFET 323 in accordance with the teachings of the present
invention. The first terminal 349 and third terminal 351 are
connected by first terminal doped region 350 and third
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terminal doped region 3352, respectively, in an N well region
353 in a P-type substrate 355. In one embodiment, second
terminal 359 and P-type substrate 355 are tied to ground.
The embodiment depicted in FIG. 4 also shows that one
embodiment includes a field plate 365 disposed between
oxide layers 361 and 363 proximate to the region between
first terminal 349 and N well 353. In one embodiment, one
or more P-type regions 357 are embedded in the N well
region 353. As shown in the depicted embodiment, the
P-type regions 357 extend across a portion of the N well 353
between the first terminal doped region 350 and the third
terminal doped region 352. In one embodiment, P-type
regions 357 are electrically coupled to P-type substrate 355.
In another embodiment, there may be only a single P-type
region 357 1n N well 353, which may be buried within N
well 353 or adjacent the surface of the N well 353. In yet
another embodiment, there may be no P-type region 3357.

In one embodiment, when the voltage between the first
terminal 349 and the second terminal 359 or P-type substrate
355 (and P-type regions 357) 1s low, current tlows from {first
terminal 349 to the third terminal 351 through the N well
353. The voltage at third terminal 351 1s equal to the voltage
at first terminal 341 minus the voltage drop caused by the
current flow through N well 353. As the voltage at first
terminal 349 is increased, the free charge carrier concentra-
tion 1n N well 353 1s depleted by 1ts reverse bias to the P-type
substrate 3535 and P-type regions 357. When the voltage
between the first terminal 349 and the P-type substrate 355
reaches a certain voltage (1.e. the pinch-off voltage), at least
a portion of the N well 353 1s fully depleted of free charge

carriers by the reverse bias. Above this pinch-off voltage, the
resistance of the N well 353 between the first and third

terminals 349 and 351 increases dramatically, such that the
voltage at third terminal 351 1s substantially fixed at the
pinch-ofl voltage in accordance with the teachings of the
present 1vention

To 1llustrate, FIG. 5 1s a diagram 1illustrating one embodi-
ment of the relationship between the output voltage of a high
voltage sense element as a function of the voltage across a
power transistor accordance with the teachings of the
present invention. In particular, plot 467 shows that when
the voltage across a power transistor, such as for example the
voltage across power transistor 121, 1s less than the pinch-ofl
voltage, the output voltage of the high voltage sense ele-
ment, such as for example the voltage at the third terminal
of transistor 123, 1s substantially proportional to the voltage
across a power transistor. However, when the voltage across
a power transistor 1s greater than the pinch-ofl voltage, the

voltage output of the high voltage sense element 1s substan-
tially constant or fixed or increases only slightly with an
increase in voltage across the transistor. In this example, the
pinch-ofl voltage 1s 1llustrated to be approximately 30 volts.
It 1s appreciated of course that 50 volts 1s provided for
explanation purposes only and that the pinch-ofl voltage
may be a different value in other embodiments 1n accordance
with the teachings of the present invention.

In the foregoing detailed description, the present mven-
tion has been described with reference to specific exemplary
embodiments thereof. It will, however, be evident that
vartous modifications and changes may be made thereto
without departing from the broader spirit and scope of the
present mvention. The present specification and figures are
accordingly to be regarded as 1llustrative rather than restric-
tive.
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What 1s claimed 1s:

1. An apparatus, comprising:

a lirst transistor disposed 1n a substrate having a first, a
second and a third terminal, the first terminal of the first
transistor to be coupled to an external voltage and the
second and third terminals of the first transistor to be
coupled to a ground reference voltage; and

a second transistor disposed 1n the substrate having a first,
a second and a tap terminal, the first terminal of the
second transistor coupled to the first terminal of the first
transistor, the second terminal of the second transistor
coupled to the second and third terminals of the first
transistor and the tap terminal of the second transistor
coupled to provide a tap voltage that 1s substantially
proportional to a voltage between the first and second
terminals of the second transistor up to a pinch-oil
voltage of the second transistor, and wherein the tap
voltage 1s substantially constant and less than the
voltage between the first and second terminals of

second transistor when the voltage between the first and 20

second terminals of second transistor 1s greater than the
pinch-ofl voltage of the second transistor.

2. The apparatus of claim 1 wherein the first transistor

comprises a metal oxide field effect transistor (MOSFET).
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3. The apparatus of claim 1 wherein the second transistor
comprises a junction field eflect transistor (JEET).

4. The apparatus of claim 2 wherein the MOSFET 1s
coupled to always remain 1n an ofi-state with a gate, a source
and a body of the MOSFFET tied to the ground reference
voltage.

5. The apparatus of claim 1 wherein the first and second
transistors have breakdown voltages substantially higher
than breakdown voltages of other transistors included 1n the
substrate.

6. The apparatus of claim 1 further comprising a power
transistor having a first, a second and a third terminal, the
first terminal of the power transistor coupled to the first
terminals of the first and second transistors, the second
terminal of the power transistor coupled to the second
terminal of the first transistor, and the third terminal to be
coupled to control circuitry.

7. The apparatus of claim 6 wherein the first and second
transistors have breakdown voltages substantially higher a
breakdown voltage of the power transistor such that any
avalanche condition that occurs 1s to be handled by the
power transistor.
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